Temperature Programmed Desorption (TPD)
A pre-adsorbed species is removed from the surface of a catalyst surface by rapid heating(~1-100K/s) in a well pumped ultra-high vacuum (UHV) environment.   The desorbed species is analyzed by mass spectrometry or gas chromatography or volume or pressure measurement.  The important reasons of TPD method in the study of catalysis are:
(1)  Investigation of surface structures is important for optimum design of catalysts.
(2) Interaction of reactants with the catalyst surface is an important    step in heterogeneous catalysis.                                                                                                                (3) Temperature at which species are desorbed from a surface is    indicative of the strength of the surface bond.                                                                                                                 (4)  Neither strong chemisorption nor very weak chemisorption is helpful.
How a TP experiment is carried out? Probe molecules are adsorbed at lower temperatures and their desorption/reaction with increased temperature is monitored to characterize surface properties of a catalyst and also properties of an adsorbent.  Alternately a carrier gas containing the desired species is used and the reaction is carried out by increasing the temperature.
There are three principal processes that are studied as a function of temperature: 1) Desorption, 2) Reduction and 3) Oxidation.
TPD-  Temperature Programmed Desorption
 A solid material after cleansing its surface is exposed to adsorbate gas under well-defined conditions (at various pressures and temperatures) and then heated under inert conditions in a programmed way to desorb it.
TPR- Temperature Programmed Reduction OR Temperature Programmed Reaction
 Surface of a solid is cleansed in oxidizing atmosphere and subsequently heated linearly in a programmed way under the flow of dilute stream of reducing gas (H2/CO in Ar). The rate of  reduction is monitored by following the change of its concentration  at the outlet. This experiment permits determination of total H2/CO consumed, thereby degree of reduction and average oxidation state can be calculated.  Developed by Cvetanovic and Amenomiya (Adv. Catal., 1967, 17,  103). The gas stream contains   desorbed molecules, monitored by TCD. The TCD signal is proportional to quantity of molecules desorbed while thermal energy required in terms of temperature is monitored by a thermocouple. Quantities desorbed under different Tmax provide information on the number, strength and heterogeneity of the adsorption sites.   
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Figure 1. TPD chromatogram of H2 desorbing from Pt supported on alumina

Experimental methodology:
Set up for TP experiments mainly consist of four components
1. System for introduction of reactant/probe molecule:  Sampling valves, gases and gas mixtures, mass flow controllers.                                                                                                2. A programmable furnace and reactor assembly: Furnace should be suitable for rapid heating and cooling, temp raise has be linear. It should have uniform heating zone. Reactor should be made of quartz preferably.                                                                             3.   Detector and data acquisition system:  Mostly TCD detectors are employed, TCD with quadrupole mass spectrometer is a preferred option.  Micro GC also can help in distinguishing various components in the desorbed gas stream. TGA balance also can be used for monitoring weight changes during the heating of sample. Data system should be capable of fast sampling and display of evolved species with respect to time and temperature.
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Figure: Experimental Set up for TPD/TPR/TPO
Temperature Programmed Reduction: MO (s) + H2 (g)  M (s)  + H2O
Starting temp is below reduction temperature. As the temperature is increased reduction takes place in steps. Each reduction peak corresponds 
to a different oxide and the area under each peak is proportional to its concentration. Hence, one can obtain information on number of reducible species as well as their activation energies.
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Figure: Temperature programmed reduction of Fe2O3 by hydrogen
The parameters that determine the position of the maximum rate and shape of the H2 consumption peaks are: 
(i)  The heating rate  (oC/sec or K/sec),
(ii) Amount of reducible species no( mole),
(iii) Flow rate F (cc/sec) of reducing mix gas,
(iv) concentration co ( mole/cc) of H2 in the gas  mixture.
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Monti and Baiker defined a characteristic number K which relates the above parameters that facilitate selection of proper exp values.
                      
                                        K = no/(F x co)
For heating rates between 6-20 oC/min    
K  between 55s to 140s is optimum for obtaining good profiles.
K < 55s,   the sensitivity is too low.
K> 140s, the amount of H2 consumed is too large.
For bringing heating rate  also into consideration, Malet and Caballero proposed a characteristic number P = (nox ) / (F x co)
Condition for optimum reduction profile in this case is that P  20 K
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Oxygen is removed,
rearrangement takes place in the lattice of oxide sphere, after which reduction. progresses rapidly
Kinetics and mechanism of Reduction
(a) Bulk reducible compounds: 
Bulk reducible compounds such as oxides can be interpreted in terms of either nucleation or contracting sphere model. It is nucleation controlled, if the rate of reduction is limited by the slow formation of first nuclei. After a critical amount of oxygen is removed, the lattice rearranges forming a metal nuclei. Reaction interface will move into bulk oxide either by inward diff of H2 or by outward diff of oxygen ions.
In contracting sphere model the rate of reduction is assumed to be proportional to the specific surface area So of the bulk reducible compound. Based on this an equation was derived that relate actual state of reduction
d/dT = (So x ko/)x(1-)2/3 exp(-E/RT)
Based on this, the shape of TPR profile will be different for nucleation and contracting sphere mechanisms.
(b) Supported reducible species:
If supported oxides are present as 3-dimensional islands, they reduce similar to bulk reduction. If they are homogeneously distributed, interaction will impact its reduction mechanism and kinetics.   Homogeneously dispersed species may reduce into metals or clusters, which may migrate and form small particles. These may contribute to spill over leading to auto-catalytic reduction.
   
(C)Solid solutions (metals in zeolites or oxide matrices)                                                Reducible species are homogeneously distributed. Reduction is similar to contracting sphere model initially. However, the reaction interface area ‘S’ of catalyst particle does not change during reduction process and is equal to spe. surface area. Hence, the reduction rate continuously decreases due to depletion of reducible species.
The energy equation for TPR is G = Go + RT (log PH2O/PH2)
Where G is free energy, PH2O/PH2 are partial pressures.
The above equation produces –ve results for a number of oxides. However, reduction proceeds even when Go is positive because PH2O is removed continuously. 
Even when PH2O is low at elevated pressures, RT (log PH2O/PH2) may become sufficiently negative to cancel a positive G0.
Reduction of oxides differ when they are in bulk and when they are supported.
The interaction of the support with metal alters its reduction behaviour.  Higher the interaction, more difficult to reduce.  
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Fig The TPD traces as a function of Heating rate; B: H2 concentration; C:   Flow rate; D:  Content of reducible species.
The effect of the valence state of cation or loading on a support on the reduction trace is shown in Fig for the reduction of Cu2O, CuO and CuO-ZnO. The temperature region at which the reduction takes place appears to a finger print to identify the oxidation state and the role of the support.
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Fig TPD trace for the reduction of Cu2O, CuO and ZnO-CuO.  Note the reduction temperature range and shape of the reduction trace.
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Fig TPR traces of Vanadium Pentoxide dispersed on TiO2
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Fig. Reduction TPR for ZnO-CuO at two different proportions of the material.
In addition, reduction strongly depends on dispersion and interaction with the support as revealed from the traces of V2O5 dispersed on and CuO-ZnO system as shown in Figs.  The traces show the importance of dispersion and interaction with the support.
In Fig. TPR traces of unsupported and supported Cu and Ni on silica are shown.   It is seen that the metal support interaction is dependent on the nature of the support used and on the nature of the metal loaded.
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Fig. TPR traces of unsupported and supported Cu and Ni on silica is removed from he[image: ]
Fig.   TPR of 0.5% Pt/SiO2 ( A) Impregnation of H2PtCl6 (B) Ion exchange with Pt(NH3)4(OH)2



[image: 12]Fig TPR profiles of pure Pt salts – The reduction behavior depends on the nature of salts.

   







Fig TPR profiles of supported catalysts A.3 wt% Cu/SiO2;  B. 5 wt% Ru/SiO2;  C. (3 wt% Cu + 5 wt% Ru)/SiO2
An additive may influence activation energy of reduction
In case of Pt-Re system, hydrated state facilitated mobility of Re2O7 thus giving single red peak.  If the sample is calcined at >773K, only single peak is obtained. 
In normal case, it is difficult to reduce Sn. But, in case of Pt-Sn on alumina, Sn could be reduced.
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Fig. A. Rh2O3/SiO2; B: V2O5/SiO2;  C: (RhVO4+V2O5)/SiO2

RhVO4 phase can be formed when RhCl3 and NH4VO3 precursors are impregnated on silica followed by calcination at 900 oC.
Since, no reduction was observed below 500 K, Rh2O3 must have reacted with VOx to form ternary oxide precursor RhVO4. This was proved with other techniques. As a result, well dispersed Rh was formed.
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Fig. TPR profile of A. Pd/NaY (B) Pd/MgY

Mn+ + n/2 H2  →    Mo + nH+
Cations at different sites in a zeolite have different electrochemical potentials, hence reducibility differs. Cations in small pores are difficult to reduce as they are stabilized by high –ve charge density. 
[bookmark: _GoBack] TPO-   Temperature Programmed Oxidation
· As the name suggests, a sample, which is in reduced state is 
   oxidized in dilute (2% O2 in He) oxygen stream while heating it
   in a programmed way.
· It is mostly performed after TPR.
· Difficult to attain total oxidation as diffusion prevents oxidation of 
   bulk species.
· Oxygen consumption can be measured, which can be used for 
finding surface oxidizable species. When carried out in succession  with TPR, it provides information on redox properties of the sample.
During calcination of Pd(NH3)42+-NaY
Nitrogen is evolved while oxygen is consumed which is monitored by QMS.
This technique is more useful to find surface oxidation and reduction properties of metal oxide based catalysts.
· TPR is a useful technique to determine the reducibility of sample and to find the amount of H2 consumed.
· Using H2 consumed one can calculate mean oxidation state .
· Kinetic parameters can also be estimated and it can be determined whether the species is reduced in one step or in multi-steps. 
· Active phase to support interactions can be followed and also the influence of pretreatment.
· Nature of precursor species, role of additives and influence of one phase on the reduction of other phase can be investigated.
· Red-ox behaviour of oxides can be investigated with cyclic TPR-TPO experiments.
· Determining the quantity and strength of the acid sites on 
catalysts like silica-alumina, zeolites, mixed oxides is crucial 
 to understand and predict performance.
· For some of acid catalyzed reactions, the rate of reaction 
 linearly related to acid sites.
· There are three types of probe molecules for TPD: NH3, non- 
 reactive vapors and reactive vapors.
Advantages and disadvantages of NH3 as a probe
· Its molecular size facilitates penetration into all pores in a solid
·  However, large molecules cannot access all the sites available, 
  hence it over estimates the quantity of acidity.
·  It is highly basic, hence titrates even weak acid sites.
·  Strongly polar adsorbed NH3 also capable of adsorbing additional 
   NH3 from gas phase
Large non-reactive amines such as pyridine and t-butyl amine are alternative to NH3. 
They titrate only the strong and moderate acid sites.
Though pyridine chemisorption studies by IR spectroscopy is most appropriate, lack of extinction coefficient data complicates.
Most commonly used are propyl amines.
It reacts and decompose to propylene and ammonia over B-acid sites.
Shape Index
· The ratio of a/b corresponding to the HWFM
· (a/b) = 1 symmetric denotes Gaussian distribution
· (a/b) not equal to 1 indicates certain features of the reaction taking place in DTA
· Skewing  is important
Significance of shape index
· Shape index = 1 what does it mean
· Homogeneous nature of the substance
· Uniform heat distribution
· Temperature uniformity
· Ideal situation
· Shape index not equal to 1
· Less than one fast process followed by slow process
· Greater than 1 denotes slow process followed by a slow process
Universality of Shape index
· Is this applicable for all thermal methods
· Or only for differential methods
· Or only programmed methods
· Or even to isothermal methods
Leading Edge
· Can the skew in the trace can be thought of the leading edge parameters
· Leading edge what is its significance
· Is there alternate significance for the shape index or leading edge
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